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that  will  reduce  nonlinear  distortions  such  as  intctmodulatlon,  desensitization, 
gain  compression,  etc.  in  communicatl 'n  equipment.  The  approach  used  relies 
on  reducing  in-band  nonlinear  distortion  products  by  modifying  the  first  order 
transfer  functions  outside  the  band  of  interest.  The  technique  makes  use  of 
Che  fact  that  certain  high-order  nonlinear  effects  in  tl^e  passband  arc  functions 
of  first-order  network  parann-tors  at  frequencies  ontsitle  the  band.  By 
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CHAPTER  I 
INTRODUCTION 

In  a previous  study  [1,2,3] , it  was  shown  that  certain  in-band 
higher-order  nonlinear  effects  in  a transistor  amplifier  can  be  reduced 
by  modifying  its  out-of-band  linear  or  first-order  response.  In 
particular,  it  was  demonstrated  that  the  third-order  intermodulation 
in  the  pass  band  produced  by  two  signals  whose  frequencies  are  also 
in  the  pass  band  can  be  eliminated  by  modifying  the  linear  response 
of  the  amplifier  at  two  frequencies  outside  the  pass  band. 

This  report  summarizes  the  extension  of  that  study  in  two 
directions.  First,  the  extent  to  which  this  technique  can  be  applied 
to  signals  whose  frequencies  fall  within  certain  ranges  will  be 
investigated.  Second,  a study  of  the  effects  of  the  various  transis- 
tor nonlinearities  on  the  required  compensating  networks  will  be 
investigated. 

The  major  part  of  this  work  is  done  in  the  mode  of  numerical 
experimentation.  This  method  is  chosen  primarily  because  of  the  fact 
that  the  relationship  which  governs  the  effects  of  linear  response 
on  the  intermodulation  is  too  complex  to  lend  itself  to  theoretical 


derivations.  Even  if  the  latter  were  feasible,  it  would  still  be 
desirable  to  ascertain  in  advance  the  likelihood  of  its  success  before 
a major  effort  is  launched  to  obtain  general  results.  The  numerical 
result  obtained  here  would  also  be  helpful  in  guiding  the  laboratory 
experimental  work  that  is  visualized  in  the  future  to  verify  the 
applicability  of  this  new  approach  to  the  problem  of  reducing  the 
distortion  due  to  nonlinearities  in  active  circuits. 


liaiMIHMitf 


d 


CHAPTER  II 


BROADBAND  INTERMODUIATION  REDUCTION  WITH 


EMITTER  RESISTANCE  NONLINEARITY  ONLY 


2.1  The  Amplifier 

As  the  first  numerical  experimentation,  the  amplifier  of 
Figure  2.1  is  used.  This  amplifier  is  a modification  of  the  ampli- 
fier used  in  Reference  1,  2,  and  3. 

The  amplifier  is  a common-emitter  amplifier  with  a tuned  load 
to  produce  a band-pass  characteristic.  Both  the  load  resistor  and 
the  source  resistor,  R^  and  R^,  are  75ft  each.  The  transistor  is  a 
Western  Electric  Type  A2436  whose  equivalent  circuit  is  given  in 
Figure  2.2  and  the  circuit  parameters  are  given  below; 


= X 10"^^F 

Cj  = 9.2  X 10"^^F 


Cj  = 1.5  X 10‘\ 

r.  = 13.6C 
b 


r = 5200ft 
c 


a = 0.992035 


The  emitter  resistor  (r  ) is  assumed  to  be  nonlinear  and  has  the 

e 

voltage-current  relationship 


i *=  ^(e,  ) - h.e.  + k-e.  ^ + k_e.  ^ 
e be  1 be  2 be  3 be 


k = — * 4.6189  A/V 
1 r 

e 
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L.  = 8.5262  nH 
L 

C = 1.1884  nF 
L 

The  linear  gain  of  the  amplifier  is  shown  in  Figure  2.3.  It  has  a 
3-dB  bandwidth  of  5 MHz  centered  at  50  MHz. 

2,2  The  Interference  Problem 

It  is  assumed  that  the  amplifier  described  in  Section  2.1  is 
used  as  the  RF  amplifier  in  a receiver.  It  is  further  assumed  that 
the  amplifier  is  used  in  conjunction  with  IF  stages  whose  bandwidth 
is  0,5  MHz.  However^  because  of  the  band-spread  effect  of  the  third- 
order  intermodulation,  the  IF  amplifier  should  be  considered  to  have 
an  equivalent  bandwidth  of  1.5  MHz. 

The  interference  problem  is  formulated  as  follows.  The 
frequencies  of  the  two  signals  that  cause  the  third-order  intermodu- 
lation  are  designated  f^  and  f^-  They  fall  within  the  following 
constraints  (in  MHz) : 
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Amplifier  Response  Without  Compensation 


iuJly  logibJo 


->c  not 
^^pt^dactiof2 


4-’. 5 < IfJ  < 

52.5 

(2.1) 

49-25  < ]2f^  + 

*2'  " 

50.75 

(2.2) 

IfJ-  i 

1^1  " 

49.25 

(2.3) 

1^2l  > 

50.75 

(2.4) 

Inequality  (2.1)  states  that  one  of  the  signals  (f^)  must  fall  within 
the  RF  band.  Inequality  C2.2)  states  that  the  intermodulated  signal 
must  occur  in  the  IF  band.  Inequality  (2.3)  and  (2.4)  state  that  the 
signal  must  occur  outside  the  IF  band.  These  inequalities  are  stammarized 
in  the  diagram  of  Figure  2.4.  The  signal  frequency  combinations  that 
satisfy  all  four  inequalities  simultaneously  fall  within  the  two  solid 
parallelograms  (shaded) . 

The  broadband  intermodulation  reduction  problem  is  the  investi- 
gation of  the  level  of  reduction  possible  by  linear  response  redesign 
for  all  signals  whose  frequencies  fall  within  these  two  shaded  areas. 

As  the  numerical  experiment  progressed,  it  became  quite  clear 
that  it  is  not  necessary  to  exclude  the  center  part  of  the  parallelo- 
gram (dashed)  since  every  compensating  networ)c  that  reduces  the  inter- 
modulation in  the  shaded  region  reduces  the  intermodulation  in  the 
dashed  region  even  more.  Hence  we  shall  cover  the  entire  parallelogram 
AKMX  of  Figure  2.4. 

2.3  The  Compensating  Network 

Although  it  has  been  shown  in  [1]  that  passive  compensating 
networks  can  be  designed  to  eliminate  entirely  the  intermodulation 
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produced  by  two  signals  of  known  frequencies,  it  is  not  known  how 
passive  networks  will  serve  the  same  purpose  when  the  frequencies  of 
these  signals  are  varied  over  certain  ranges  or,  equivalently,  when 
signals  are  present  at  many  frequencies. 

As  the  initial  try,  we  chose  the  passive  network  to  be  located 
between  the  collector  and  the  base  as  shown  as  in  Figure  2.5 


FIGURE  2.5  Conmion-emitter  amplifier  with 
a compensating  network  Y^. 


and  let 


2 

s + a.  s + a 

Y3  = K-2 2.  (2.5) 

8 + b,  s + b 

1 o 


The  following  are  several  reasons  for  these  choices: 


(1)  This  position  for  Y^  was  found  to  be  most 
effective  from  the  previous  study. 
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(2)  The  realizability  condition  and  synthesis 
techniques  for  the  admittance  of  (2.5)  is 
well  known  and  it  includes  numerous  simpler 
circuits  as  special  cases  of  this  admittance, 

(3)  There  are  five  coefficients  in  the  expression 
of  (2,5)  available  as  parameters  for  optimi- 
zation. This  should  offer  a good  versatility 
and  at  the  same  time  not  make  the  ccmputation 
too  complex. 

(4)  The  network  for  is  of  reasonable  complexity 
and  yet  offers  some  flexibility  in  its 
characteris  tic . 

It  is  further  assumed,  ideally,  that  = 0 for  frequencies  in 
the  pass  band  of  the  amplifier.  This  is  necessary  so  the  linear  response 
of  the  amplifier  in  the  pass  band  will  not  be  disturbed. 

2,4  Relationship  in  the  Equivalent  Circuit  of  the  Amplifier 

The  equivalent  circuit  of  the  amplifier  of  Figure  2.5  is  shown 
in  Figure  2.6  in  which  the  source  has  been  replaced  by  its  Norton's 
equivalent.  Using  the  node  designation  as  shown  in  Figure  2.6,  the 
admittance  matrix  is 


-9, 


(Y(S)]  = 


-9i 


gj^+k^+sC^+g^-ak^  -9, 


9 +g.+sc  +Y, 

c L 3 L sL  3 

L 


(2.6) 
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As  was  derived  in  [1] , if  [Y]  is  unchanged  in  the  pass  band,  then  the 
third-order  intermodulation  is  proportional  to 


P = 

(a-l)  [2 

22'^V 

" 2^22  (fi+f 2)1 

(2f^)  + 

292 

(2.7) 

where : 

1 

r 

"ll 

^12 

"l3 

^21 

^22 

"23 

- [Y]"^ 

^31 

^32 

"33 

(2.8) 

The  quantity  | P | 

with 

P given  in  (2.7)  , is  the  cost  function  that 

is  to  be  minimized  according  to  the  various  criteria  established  for 
the  study. 

2.5  The  Optimization  Program 

The  algorithm  used  in  this  experiment  to  minimize  the  third- 

order  intermodulation  uses  a modified  Fletcher-Powell  method.  The 

algorithm  was  originally  developed  for  another  Post-Doctoral  Program 

task  [4] . It  is  a constrained  minimization  algorithm  modified  to 

2 

minimize  the  cost  function  |p|  with  p given  in  (2.7)  and  9iven 
in  (2.5),  The  constraints  are 


*1  ^ ° 


bo^  0 

K ^ 0 


(2.9) 


^ 0 
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and 

a,b,  £ (/a”  - /b")^  (2.10) 

11  o o 

Constraint  (2,10)  is  the  condition  under  which  will  be  positive- 
real  [51  and,  therefore,  realizable. 

2.6  Third-Order  Intennodulation  of  the  Amplifier 

For  convenience,  a series  of  points  along  the  sides  of  the 
parallelogram  of  combinations  of  f^^  and  of  Figure  2.4  are  chosen. 

Effort  is  then  expended  to  reduce  the  third-order  intennodulation 
along  these  sides.  It  is  presumed,  and  later  verified,  that  when 
intennodulation  is  reduced  along  the  border  of  the  parallelogram,  the 
intennodulation  is  reduced  by  a larger  2unount  in  the  interior  of  the 
parallelogram.  Hence,  we  only  need  be  concerned  with  the  performance 
of  the  compensating  network  along  this  border.  The  point  designation 
of  these  points  is  given  in  Figure  2.4  and  their  corresponding  fre- 
quency combinations  tabulated  in  Table  2.1.  Table  2.1  also  gives  the 
third-order  transfer  function  ^3  2^  original  amplifier 

without  the  compensation  network.  It  is  this  function  that  we  are 
striving  to  reduce  in  this  study. 

2-7  Maximum  Average  Reduction  at  the  Four  Vertexes  of  the  Parallelogram 
The  first  criterion  used  in  the  optimization  algorithm  is  to 
reduce  the  average  third-order  intennodulation  at  the  four  vertexes  of 
the  parallelogram  of  Figure  2.4.  The  constrained  optimization  algo^ 
rithm  is  applied  to  the  five  variables  of  of  (2.5)  such  that  the 
sum  of  the  cost  function  (p|  at  the  four  points,  A,  K,  M,  and  X of 


12 


Vi 


TABLE  2.1 

FREQUENCY  COMBINATION  AND  THIRD-ORDER 
INTERMODULATION  OF  THE  TRANSISTOR  AMPLIFIER 


POINT 

fjfMHz) 

2fi+f2(MHz) 

A 

52.5 

-55.75 

49.25 

0.38705  /-17. 30® 

B 

52.0 

-54.75 

49.25 

0.34568  /-17.53® 

C 

51.5 

-53.75 

49.25 

0.28230  /-19.87® 

D 

51.0 

-52.75 

49.25 

0.20143  /-27.07® 

£ 

50.5 

-51.75 

49.25 

0.12039  /-44.38® 

F 

50.0 

-50.75 

49.25 

0.06460  /-74.54® 

G 

49.5 

-49.75 

49.25 

0.05253  /-89.26® 

H 

49.0 

-48.75 

49.25 

0.11495  /-92.68® 

I 

48.5 

-47.75 

49.25 

0.24147  /-103.59® 

J 

48,0 

-46.75 

49.25 

0.39108  /-no. 52® 

K 

47.5 

-45.75 

49.25 

0.53420  /-113.92” 

L 

47.5 

-45.00 

50.00 

0.55480  /-137.47® 

M 

47.5 

-44.25 

50.75 

0.51888  /-159.13" 

N 

48.0 

-45.25 

50.75 

0.40178  /-157.82® 

P 

48.5 

-46.25 

50.75 

0,27691  /-152.42® 

Q 

49.0 

-47.25 

50.75 

0.16379  /-137.80' 

R 

49.5 

-48.25 

50.75 

0.08718  /-107.14® 

S 

50.0 

-49.25 

50.75 

0.05469  /-7:.83® 

T 

50.5 

-50.25 

50.75 

0.07258  /-77.33® 

U 

51.0 

-51.25 

50.75 

0.15714  /-7S,11® 

V 

51.5 

-52.25 

50.75 

0.26063  /-68.35® 

w 

52.0 

-53.25 

50.75 

0.34729  /-64.06® 

X 

52.5 

-54.25 

50.75 

0.40674  /-61.78® 

Y 

52.5 

-55.0 

50.00 

0.41753  /-39.38® 

13 
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Figure  2.4  is  minimum.  The  optimization  scheme  gives 


) 


K « 0.054428 

■=  286.75  X 10^ 
ag  = 146.157  X 10^'‘ 

= 4.23085  X lo’ 

bg  = 127.046  X 10^^  (2.11) 

The  network  to  furnish  an  with  these  coefficients  is  obtained  by 
Foster's  Preamble  [6]  and  is  given  in  Figure  2.7. 


7.0164  nH  0.292110 


131.4970 


FIGURE  2.7.  Network  to  Give  the  Admittemce 

of  (2.5)  with  Coefficients  Given 
in  (2.11). 


The  amount  of  reduction  along  the  border  of  the  parallelogram  obtained 
from  this  compensating  network  is  tabulated  in  Teible  2,2.  If  we  take 
the  ratio  of  the  sums  of  the  cost  function  |p|  at  the  four  vertexes 
without  and  tnose  with  the  optimum  Y^,  it  is  equal  to  15.73  which 
corresponds  to  an  average  reduction  of  11.97  uB.  The  relative  value 
of  |h^|  along  the  parallelogram  is  shown  in  Figure  2.8. 
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TABLE  2.2 


RELATIVE  COST  FUNCTIONS  OBTAINED  BV 
MAXIMIZING  THE  AVERAGE  REDUCTION  AT  THE  FOUR  VERTEXES* 


POINT 

COST  FUNCTION 
|p|2  WITHOUT 

^3 

COST  FUl^CTlON 
WITH  Y3 
COEFFICIENTS 
OF  (2.11) 

THIRD-ORDER 
INTERMODUIA- 
TION  REDUCTION 
dB 

A* 

0.22064 

0.03241 

8.39 

B 

0.23723 

0.023939 

9.96 

p 

0-25367 

0.016911 

11.76 

D 

0-26907 

0.012145 

13.46 

E 

0.28238 

0.010407 

14.34 

F 

0.29247 

0.0U297 

14.13 

G 

0.29841 

0.011555 

14.12 

H 

0.29960 

0.007645 

15.93 

I 

0.29599 

0.003011 

19.93 

J 

0.28804 

0.002330 

20.92 

K* 

0.27661 

0.005774 

16.80 

L 

0.25507 

0.003859 

18.20 

M* 

0-23146 

0.002290 

20.05 

N 

0.24715 

0.000628 

25.95 

P 

0.26240 

0.000083 

35.02 

Q 

0.27630 

0.000805 

25.36 

R 

0.28778 

0.004071 

18.50 

S 

0.29578 

0.011620 

14,06 

T 

0-29944 

0.02205 

11.33 

U 

0.29830 

0.02749 

10.36 

V 

0.29241 

0.025130 

10,66 

w 

0-28236 

0.022145 

11.06 

X* 

0.26909 

0.023045 

10.67 

Y 

0.24554 

0.025789 

9.79 

* 

Vertexes  of  the  frequency  parallelogram  of  Figure  2.4. 
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Under  this  criterion,  the  average  reduction  in  the  frequency 


band  of  interest  is  obtained  by  selecting  a larger  number  of  points 
throughout  the  parallelogram  and  then  summing  up  the  cost  functions  at 
these  points..  The  approximate  z eduction  is  then  obtained  by  comparing 
this  sum  to  the  sum  of  the  cost  functions  when  is  absent.  This 
approximate  reduction  is  found  to  be  13.51  dB. 

2.8  Maximum  Average  Reduction  Along  the  Border 

The  second  criterion  used  is  to  maximize  the  average  reduction 
along  the  border  of  the  parallelogram.  This  is  done  by  minimizing 
the  sum  of  the  cost  functions  at  the  24  points,  A-Y,  chosen  along  the 
border  as  indicated  in  Figure  2.4.  The  resulting  optimian  network 
function  coefficients  are 

K = 0.05 
a^  = 340  X 10^ 
a^  = 100  X 10^^ 

= 0.1  X ±0^ 

^0  ^ ^ C2-12) 

The  network  that  gives  these  coefficients  is  shown  in  Figure  2,9. 


16.663  nF 


5.001  nH 


FIGURE  2.9.  Ketwork  To  Give  Y3  of  (2.5) 
With  Coefficients  Given  in 
(2.12)  . 
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The  distribution  of  the  reduction  of  third-order  intemodulation  is 
tabulated  in  Table  2,3  and  plotted  in  Figure  2.10.  For  this  criterion, 
the  average  reduction  is  approximately  14.13  dB  along  the  border. 

2.9  Maximum-Minimum  Reduction  Along  the  Border 

The  third  criterion  chosen  is  to  find  the  coefficients  of 
of  (2.5)  such  that  the  minimum  reduction  along  the  border  of  the 
frequency  parallelogram  is  maximum.  These  coefficients  are  found 
to  be: 

K = 0.05 

= 360  X lo’ 

= 100  X 10^^ 

= 0.1  X 10^ 

bjj  = 195  X 10^^  (2,13) 

The  distribution  of  the  reduction  along  the  border  is  tabulated  in 
Table  2.4  and  plotted  in  Figure  2.11.  Under  this  criterion,  the 
minimiun  reduction  of  9.73  dB  occurs  at  point  K.  The  average  reduction 
throughout  the  parallelogram  is  found  to  be  approximately  12.97  dB. 

To  realize  with  coefficients  given  in  (2.13),  Foster's 
Preamble  is  no  longer  adequate.  One  method  of  realizing  these  co- 
efficients is  the  Bott-Duffin  method  [6] . The  network  realized  by 
this  method  is  given  in  Figure  2.12. 

2.10  Minimum  Maximum  |h^| 

The  three  criteria  used  so  far  all  dealt  with  the  reduction  at 
the  various  points  relative  to  the  third-order  intermodulation  at  those 
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TABLE  2.3 
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REI.ATIVE  COST  FUNCTIONS  OBTAINED  BY 
MAXIMIZING  THE  AVERAGE  REDUCTION  ALONG  THE  BORDER 


POINT 

COST  FUNCTION 
[p|2  WITHOUT 

^3 

COST  FUNCTION 
|p|2  WITH  Y3 
COEFFICIENTS 
OF  (2.12) 

THIRD-ORDER 
INTERMODULA- 
TION REDUCTION 
dB 

A 

0.22064 

0.027614 

9,03 

B 

0.23723 

0.019195 

10.92 

C 

0.25367 

0.011941 

13.27 

D 

0.26907 

0.006648 

16.07 

E 

0.28238 

0.004256 

18.21 

F 

0.29247 

0,005409 

17.33 

G 

0.29841 

0.008142 

15.64 

H 

0.29960 

0.007003 

16.31 

I 

0.29599 

0.006194 

16.80 

J 

0.28804 

0.010286 

14.47 

K 

0.27661 

0.018356 

11.78 

L 

0.25507 

0.012988 

12.93 

M 

0.23146 

0.008532 

14.33 

N 

0.24715 

0,003933 

17.98 

P 

0.26240 

0.001450 

22.58 

Q 

0.27630 

0.000397 

28.43 

R 

0.28778 

0.001540 

22.72 

S 

0.29578 

0.007515 

15.95 

T 

0.29944 

0.019607 

11.83 

U 

0.29830 

0.024406 

10. F7 

V 

0.29241 

0.017577 

12,21 

w 

0.28236 

0.013858 

13.09 

X 

0.26909 

0.015944 

12.27 

y 

0.24554 

0.020511 

10.78 

TABLE  2.4 

RELATIVE  COST  FUNCTIONS  OBTAINED  BY 
MAXIMIZING  THE  MINIMUM  REDUCTION  ALONG  THE  BORDER 


POINT 

COST  FUNCTION 
|pp  WITHOUT 

COST  FUNCTION 
|pP  WITH  Y3 
COEFFICIENTS 
OF  (2.13) 

THIRD-ORDER 
INTERMODULA- 
TION REDUCTION 
dB 

A 

0.22064 

0.023016 

9.82 

B 

0.23723 

0,015194 

11.94 

C 

0.25367 

0.008892 

14.55 

D 

0.26907 

0.005004 

17.31 

E 

0.28238 

0.004459 

16.02 

F 

0.29247 

0.007504 

15.91 

G 

0.29841 

0.011794 

14.03 

H 

0.29960 

0.013312 

13.52 

I 

0.29599 

0.014645 

13.06 

J 

0.28804 

0.019908 

11.60 

K 

0.27661 

0.029411 

9.73 

L 

0.25507 

0.020925 

10.86 

K 

0.23146 

0.013915 

12.21 

N 

0.24715 

0.007924 

14.94 

P 

0.26240 

0.004743 

17,43 

Q 

0.27630 

0.003859 

18.55 

R 

0.28778 

0.006344 

16.57 

S 

0.29578 

0.014414 

13.12 

T 

0.29944 

0.026482 

10.53 

U 

0.29830 

0.029887 

9.99 

V 

0.29241 

0.021631 

11.31 

w 

0.26236 

0.014538 

12.88 

X 

0.26909 

0.013561 

12.98 

Y 

0.24554 

0.016147 

11.82 

respective  points.  The  fourth  criterion  used  is  to  reduce  the 


absolute  value  of  so  that  the  maximum  Ih^I  after  compensation 

is  made  minimum.  In  carrying  out  this  computation,  before  comparing 
the  relative  cost  functions,  each  reference  cost  function  is  preadjusted 
to  reflect  this  difference.  Thus,  the  same  algorithm  is  used  to 
obtain  the  network  function  coefficients  until  the  maximum  ratio  of 
the  cost  functions  with  present  and  without  Y^  is  made  minimum.  The 
coefficients  for  Y^  to  achieve  this  reduction  are: 

K = 0.05 

= 300  X 10^ 
a^  = 100  X 10^“^ 

= 0.2  X lo’ 

bjj  = 210  X 10^“*  (2 

The  result  is  tabulated  in  Table  2.5  and  plotted  in  Figure  2.13.  In 
this  case,  the  highest  reduction  of  |h^|  with  respect  to  the  maximum 
Jh^I  that  occurs  in  the  band  of  interest  is  13.06  dB  which  occurs  at 
Point  L. 

To  obtain  the  network  for  this  Y^,  Bott-Duffin  method  will 
also  have  to  be  used.  The  network  will  be  exactly  like  that  of 
Figure  2.12  with  the  element  values  slightly  altered, 

2.11  Addition  of 

The  third-order  intermodulation  reduction  rendered  by  Y^ 
above  is  rather  modest  when  Y^  only  is  employed.  In  order  to  further 


.14) 


24 


TABLE  2.5 

EQUIVALENT  RELATIVE  COST  FUNCTIONS  OBTAINED 


BY  MINIMIZING 

THE  MAXIMUM  |H^| 

tOINT 

EQUIVALENT 
COST  FUNCTICW 
p2  WITHOUT 

COST  FUNCTION 
P 2 WITH  Y3 
COEFFICIENTS 
OF  (2.14) 

THIRD-ORDER 
INTERMODULA- 
TION REDUCTION 
dB 

A 

0.45333 

0.022179 

13.10 

B 

0.61106 

0.014949 

16.12 

C 

0.97977 

0,010224 

19.82 

D 

2.0413 

0.009145 

23.. 19 

E 

5.9967 

0.012181 

26.92 

F 

21.572 

0.017275 

30.96 

G 

33.282 

0.018416 

32.57 

H 

6.9788 

0.012008 

27.64 

I 

1.5625 

0.005458 

24,57 

J 

0.57969 

0.006287 

19.65 

K 

0.29835 

0.014406 

13.16 

L 

0.25507 

0.012623 

13.06 

M 

0.26462 

0.009798 

14-32 

N 

0.47126 

0.004591 

20.11 

P 

1.0533 

0,001317 

29,03 

Q 

3.1699 

0.000530 

37.76 

R 

11.654 

0.004477 

34.16 

S 

30.434 

0.015743 

32.86 

T 

17.494 

0.031568 

27.44 

U 

3.7135 

0.039710 

19.72 

V 

1,3250 

0.034309 

15.87 

w 

0.72061 

0.024807 

14,63 

X 

0.50064 

0.019561 

14.08 

Y 

0.43353 

0.017197 

14.02 
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enhance  this  reduction,  several  other  schemes  were  tried.  The  first 


of  these  is  to  employ  an  additional  admittance  as  shown  in  Figure 
2.14,  The  analytical  form  of  is  assximed  a priori  to  be  identical 
to  the  ^3  (2.5).  It  is  also  assumed  that  = 0 for  frequencies 

inside  the  pass  band.  Thus,  there  are  ten  variedsles  available  for 
optimization.  The  same  modified  Pletcher-Powell  optimization  algo- 
rithm is  again  employed  to  find  the  variables  to  give  the  highest 
reduction  under  various  criteria. 

It  was  found  \inder  each  of  the  criteria  used,  the  addition 
of  only  gives  a very  slight  improvement  in  the  reduction  of 

intermodulation.  The  additional  reduction  is  in  the  order  of  1 to  1 

2 dB.  Frcan  practical  point  of  view,  this  reduction  is  insignificant.  I 


FIGURE  2.14.  Amplifier  With  Two  Compensating 
Networks,  and  Y^. 
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2,15.  Amplifier  With  Four  Compensating  Networks. 


2.13  The  Search  for  an  Idealized  Compensating  Network 


At  this  point,  it  is  quite  clear  that  the  assumed  admittance 
function  (2.5)  does  not  give  substantial  wide-band  nonlinearity  reduc- 
tion. A different  admittance  is  obviously  required  if  a larger 
reduction  across  the  band  is  ever  to  be  achieved.  However,  for  ad- 
mittances more  complicated  than  the  second  order,  it  is  no  longer 
practical  to  assume  the  admi+'jiance  function  in  a general  form  for 
two  reasons: 

(1)  The  realizability  conditions,  although  well 
known,  cannot  be  implemented  easily  by  any 
simple  algorithm. 

(2)  The  network  realizing  a high-order  admittance, 
can  be  extremely  complex  as  to  result  in  ex- 
tremely impractical  compensating  networks. 

The  impracticalness  could  take  any  one  or 
more  of  the  following  forms: 

(a)  The  network  would  be  too  costly 
to  construct. 

(b)  The  network  would  be  too  compli- 
cated to  tune,  adjust,  and  calibrate. 

(c)  The  parasitics  unaccounted  for  in  the 
realization  process  will  make  the  ad- 
mittance of  a large  network  quite 

different  from  the  computed  admittance. 
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There  appears  to  be  two  re-courses  to  find  more  ccxaplex 
compensating  networks  to  achieve  further  reduction*  One  of  these 
is  to  assume  specific  networks  a priori.  In  doing  this,  the  only 
constraints  we  have  would  be  that  all  element  values  be  positive. 

The  other  alternative  would  be  to  search  for  the  required  admittance 
values  point-by-point  throughout  the  bemd.  We  know  from  previous 
studies  that  this  is  possible.  Once  this  is  known,  we  can  then  try 
to  approximate  these  admittance  values  by  a finite  passive  network. 
Since  this  second  scheme  appears  to  be  more  promising  and  the  pro- 
cedure is  more  concrete,  we  have  adopted  this  scheme. 

After  considerable  computational  effort,  it  was  found  that 
the  desired  admittances  should  have  the  variations  shown  as  solid 
curves  in  Figure  2.16.  These  admittances  will  enable  us  to  achieve 
an  across-the-band  reduction  of  40  dB  or  mere  which  would  be  considered 
very  satisfactory. 

Two  of  these  four  admittances  can  be  approximated  by  fairly 
simple  networks.  The  circuit  of  Figure  2.17(a)  is  designed  to  have 
exactly  the  values  given  in  Figure  2.16 (a)  at  the  two  end  points — 

95  MHz  105  MHz.  The  shapes  of  the  admittance  curves  of  this 
circuit  are  almost  straight  lines  in  this  range.  These  curves  are 
shown  as  cashed  curves  in  Figure  2,16 (a) . Other  approximation 
criteria  can  be  applied  to  give  other  forms  of  approximation  if 
desired. 

The  admittance  of  Figure  2.16(d)  may  be  approximated  by  a 
simple  RC  parallel  combination  as  shown  ir  Figure  2J.7  (b) , The 
admittance  of  this  circuit  is  shown  in  Figure  2.16(d)  as  dashed 
curves. 


31 


Fig.  2.16(d).  Ideal  (solid)  and  approximate  (dashed)  Y 
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The  two  admittances  shown  in  Figure  2.16(b)  and  (c) , which  are 
necessary  to  produce  the  satisfactory  level  of  reduction,  is  very 
difficult,  if  not  impossible,  to  realize.  Numerous  methods  have  been 
tried  and  only  very  poor  approximations  have  been  obtained.  These  poor 
approximations  give  inferior  performance  to  the  broad-band  nonlinearity 
reduction  produced  by  using  the  assumed  admittance  of  (2,5)  for  all 
four  impedances,  Y^  Y3  , and  Y3  3^. 

2.14  Conclusions  and  Conjectures 

The  numerical  experimentation  summarized  in  this  Chapter  was 
carried  out  to  obtain  an  indication  of  how  effective  the  passive  cc^- 
pensation  scheme  that  was  successfully  done  for  a single  frequency 
combination,  can  be  extended  to  a combination  of  r«mges  of  frequency. 
Several  tentative  conclusions  have  been  drawn  from  the  result  of  this 
experiment. 

One  of  the  most  important  conjectures  that  is  part  of  the  con- 
clusion of  this  experiment  is  that  the  complexity  of  the  passive 
compensating  network  does  not  contribute  to  the  reduction  of  third- 
order  intermodulation.  In  many  cases,  the  addition  of  new  network 
elements  assume  extreme  values  thus  reverting  the  assumed  network  to 
the  simpler  configuration  that  was  in  place  originally.  Although  this 
conclusion  has  not  been  analytically  and  conclusively  proved,  the 
evidence  is  highly  suggestive  of  this  conjecture.  Since  this  conjecture 
would  be  extremely  difficult  to  prove  analytically  and  since  it  would 
not  be  very  benefical  even  if  this  proof  has  been  done,  it  was  decided 
to  let  this  conjecture  stand  on  the  basis  that  n\2merical  experimental 
evidence  tends  to  support  it. 


One  of  the  reasons  that  could  explain  why  most  cf  the  required 
wide~band  and  are  not  all  realizable  is  that  in  compensating  the 
third-order  intermodulation  at  ^f^+f^i  we  are  attempting  to  redesign 
the  amplifier  circuit  in  frequency  ranges  that  cover  2£^  and  f^^+f^- 
In  both  of  these  two  remges,  we  are  attempting  to  nullify  the  second- 
order  responses.  The  second-order  terms  are  typically  the  products 
or  squares  of  first-order  responses.  Hence,  we  need  to  produce  driving- 
point  admittai.ces  that  are  the  products  or  squares  of  passive  driving- 
point  or  trcinsfer  functions.  This  is  usually  difficult  to  accomplish 


except  for  very  neurrow  band  applications.  In  our  example,  2f^ ranges 


from  95  to  105  MHz  and  can  be  considered  a narrow-band  realization. 


However,  from  0.75  to  3,25  MHz  which  is  over  two  octaves 

wide  and  cannot  be  regarded  as  a narrow-band  situation.  This  seems  to 


have  led  to  the  non-realizability  of  Y^  and  Y^  in  this  range  in  Section 
2.13. 


Another  conclusion  that  we  have  arrived  at  in  the  numerical 
experiment  in  the  wide-banding  effort  concerns  the  use  of  the  optimi- 
zation algorithm.  Although  the  algorithm  developed  in  [1]  and  adopted 
for  our  current  project  worked  well  in  arriving  at  the  local  minimum 
very  rapidly  and  accurately,  much  of  its  success  depends  on  the 
location  of  the  starting  point.  In  most  of  the  effort  in  this 
chapter,  frequently  more  effort  was  expended  in  searching  for  a 
reasonable  starting  point  than  to  arrive  at  the  accurate  local  minimum. 
For  practical  purposes,  if  the  approximate  valid  starting  point  is 
known,  the  problem  is  almost  solved.  The  optimization  algorithm 
frequently  only  gives  an  improvement  in  the  design  vector  elements 


in  the  second  or  third  significant  figures. 


In  the  course  of  the  research  of  this  chapter,  as  we  progressed 
in  our  work,  the  cOTiputational  effort  gradually  shifted  from  automatic 
optimization  technique  to  systematic  search  routines.  The  latter  sim- 
ply involves  a large  amount  of  repetitive  computation  of  certain  cost 
function  and  the  latter  is  gradually  reduced  by  a combination  of 
automatic  search  and  man-machine  interactive  algorithm.  This  mode 
of  computation  is  used  almost  exclusively  in  the  effort  that  is  to 
follow. 


CHAPTER  III 


MEDIUM  TO  NARROW  BAND  INTERMODU^ATION  REDUCTION 
WITH  EMITTER  RESISTANCE  NONLINEARITY  ONLY 

3 . 1 Introduction 

Based  on  the  result  obtained  in  Chapter  II,  it  was  observed 
that  the  technique  of  using  passive  compensating  network  to  reduce 
third-order  intemodulation  was  not  particularly  suited  for  wide- 
band applications.  Since  we  are  dealing  with  compensating  networks 
that  are  themselves  frequency  sensitive,  it  should  not  be  surprising 
that  unless  the  required  frequency  behavior  of  the  networks  agree 
with  the  required  frequency  variation,  the  compensation  is  not  likely 
to  be  effective  over  the  frequency  range  in  question.  This  fact  was 
borne  out  in  the  search  for  the  wide-band  compensating  network  in 
Chapter  II. 

We  shall  now  turn  o\xr  attention  to  medium-  and  narrow-band 
applications.  One  purpose  of  this  investigation  is  to  ascertain,  for 
a particular  assumed  amplifier,  what  is  the  bandwidth  within  which 
the  passive  compensating  network  would  be  effective.  Another  purpose 
is  to  determine  the  trade-off  between  bandwidth  and  the  third-order 
intermodulation  reduction. 

3.2  The  Frequency  Specification 

The  same  amplifier  used  in  Chapter  XI  will  again  bo  used  in 
this  chapter.  However,  since  the  frequency  range  assigned  in  Chapter 
II  turned  out  to  be  too  ambitious,  several  modifications  are  made  in 
this  study. 
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First,  the  two  signals  that  join  to  produce  the  third-order 
intermodulation  must  both  fall  within  the  RF  band.  In  other  words, 
in  addition  to  (2.1)  we  further  require  that 

47.5  < ]f2l  < 52.5  (3.1) 

The  trippling  effect  of  the  IF  bandwidth  is  removed.  In  other  words, 
inequality  (2.2)  is  replaced  by 

49.75  < |2fj^  + f^l  < 50.25  (3.2) 

The  new  frequency  region  of  interest,  as  ccmpared  to  that  considered  in 
Chapter  II,  is  depicted  in  Figure  3.1. 

In  addition  to  the  reduction  in  bandwidth,  the  compensation  net- 
work employed  in  this  study  will  be  as  simple  as  possible.  In  all  cases, 
the  low-frequency  admittance  (y^  and  will  always  be  a simple 

conductance.  The  high-frequency  admittance  will  be  that  of  an  RL  or  an 
RC  parallel  combination.  There  are  two  reasons  for  this  choice.  One 
of  them  is  that  our  experience  gained  in  Chapter  II  indicates  that  the 
complexity  of  the  passive  network  contributes  little  to  the  reduction 
of  nonlinear  effects.  The  other  is  that  since  we  are  primarily  dealing 
with  narrow-band  phenomena  here,  the  admittances  need  not  vary  to  any 
great  extent  to  produce  adequate  compensation. 

3,3,  Bandwidth  and  Reduction  Trade-off 

As  a first  investigation  here,  the  bandwidth  of  If  I and  If  I 

'1'  ' 2‘ 

are  altered.  For  each  chosen  bandwidth  a search  is  made  to  find  the 
optimum  network  parameters.  The  resultant  reduction  is  then  tabulated. 
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The  frequency  ranges  for  f and  are  chosen  to  be  centered  at 
fj  46.8125  and  *=-47,625,  This  is  also  the  center  of  that  part  of 
the  parallelogram  of  Figure  3.1  that  lies  between  f^  ■*  -47.5  and  * 
-47.75.  That  part  is  another  parallelogram  and  is  depicted  in  Figure 
3.2.  The  bandwidth  for  and  are  assumed  to  be  equal. 

The  compensating  networks  used  in  this  study  include  only. 

, , is  furnished  by  a PX  parallel  combination  and  Y.  , is  furnished 
3 hi  3 lo 

by  a single  resistance.  The  arrangement  is  shown  in  Figure  3.3. 

In  each  search,  the  maximum-minimum- reduction  criteria  is  used. 
The  result  of  this  study  is  summarized  in  Table  3.1.  As  seen  from 
this  study,  there  exists  definitely  a trade-off  between  the  amount  of 
reduction  and  the  bandwidth  covered  in  a particular  assumed  frequency 
spread  of  the  interferring  signals. 


Table  3.1.  Calculated  Bandwidth  and  Reduction  Trade-Off 


Bandwidth  for 
f^  and  f^ 

Ccflipensating 
Network  Parameters 

hi(fi)  ^3  hi(nH)  *^3  lo(fi) 

Minimum 
Reduction 
in  dB 

0.001 

17.25 

6.039 

2.952 

75.34 

0.01 

17.85 

6.002 

3.651 

55.78 

0.05 

17.71 

5.773 

1.653 

45.43 

0.10 

18.06 

5.883 

3.015 

39.28 

0.15 

17.23 

5.676 

3.317 

34.11 

0.20 

17.35 

5.778 

2.963 

33.76 

0.25 

17.81 

5.992 

2.150 

33.15 

Entire  Parallelo- 
gram of  Figure  17.70  5.756  1.875  32.10 

3.2 
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3.4.  Third-Order  Intennodulation  Reduction  Achievable  Using  Two 

Compensating  Networks 

The  frequency  region  of  interest  in  this  chapter  is  redrawn 
in  Figure  3.4,  Numeral  designations  of  key  points  are  used  here. 

In  this  study,  we  shall  assime  a fixed  bandwidth  of  0.5  MHz  for 
The  range  of  this  bandwidth  is  then  varied  from  one  end  of  the 
parallelogram  to  the  other-  The  corresponding  reinge  of  is  teOcen  to 
be  all  the  frequencies  that  will  combine  with  f^  to  give  a third-order 
intermodulation  that  falls  within  the  pass  band  of  the  IF  stages.  For 
example f in  the  first  step  of  this  study,  we  assume 

47.5  < Ifjl  < 47.75  (3.3) 

and 

49.75  < |2f^  + f^l  < 50.25  (3.4) 

Inequalities  (3,3)  and  (3.4)  include  the  region  of  the  f^  and  ccanbina- 
tion  bound  by  the  parallelogram  1-2-3-4  of  Figure  3,4 

In  Figure  3-4,  the  parallelogram  bound  by  16-19-27-24  can  be 
excluded  frcan  the  study  since  the  signals  themselves  will  fall  within 
the  IF  band  and,  their  first-order  effects  will  be  much  more  problematic 
than  their  higher-order  effects.  For  this  reason,  this  region  is 
largely  by-passed  in  this  study. 

The  compensating  network  used  is  the  same  as  that  shown  In 
Figure  3,3. 

The  result  of  this  study  is  summarized  in  Table  3.2. 

It  is  seen  from  this  study  that  on  one  side  of  the  center  of  the 
parallelogram,  approximately  the  same  degree  of  reduction  is  achievable 
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Points  of 
Vertexes 


Table  3.2 


S.hi 


b.hi 


S.lo 


Minimum 
Reduction 
in  dB 


1-A 

47.5-47.75 

17.7 

5.756 

1.875 

32.1 

3-6 

47.75-48.0 

20.12 

5,798 

1.544 

32.0 

5-8 

48.0-48.25 

21.01 

5.717 

1.401 

32,5 

7-10 

48.25-48.5 

20.65 

5.577 

1.307 

31.0 

9-12 

48.5-48.75 

23.32 

5.598 

1.011 

31.89 

11-14 

48.75-49.0 

26.18 

5.676 

0.358 

32.97 

13-16 

49,0-49.25 

28.77 

5.622 

0.338 

32.67 

15-18 

49.25-49.50 

40.04 

5.644 

0.833 

33.01 

17-20 

49.50-49.75 

45.05 

5.687 

0.198 

33.44 

25-28 

50.5-50.75 

oo 

5.761 

0 

32,64 

27-30 

50.75-51.0 

CO 

5.785 

0 

28.74 

29-32 

51.0-51.25 

CO 

5.818 

0 

26.00 

31-34 

51.25-51.5 

00 

5.846 

0 

23.87 

33-36 

51.5-51.75 

CD 

5.871 

0 

22.14 

35-38 

51.75-52.0 

09 

5.890 

0 

^0.67 

37-40 

52.0-52.25 

OO 

5.904 

0 

19.39 

39-42 

52,25-52.5 

OO 

5.903 

0 

18.26 
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The  result  of  this  study  is  summarized  in  Table  3.3. 


It  is  seen  from  this  result  that  throughout  the  top  half  of  the 
parallelogram,  the  amount  of  reduction  increased  only  slightly  when 
is  added  to  the  network.  However,  throughout  the  bottom  half,  the 
reduction  is  greatly  increased  by  its  addition— to  about  the  same  level 
a3  the  top  half. 
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CHAPTER  IV 

OTHER  TRAKSISTOR  NONLINEARITIES 

j 4,1.  I ntroduct ion 

So  far,  we  have  examined  the  reduction  of  third-order  inter- 
modulaticn  in  a transistor  due  to  its  nonlinearity  in  the  emitter 
resistance  only.  This  was  done  primarily  for  two  reasons.  First,  in 
most  transistors,  the  nonlinecu:  effects  due  to  this  resistance  are  the 
dominant  ones.  The  other  reason  is  to  simplify  the  ccmputation  effort 
so  that  the  effectiveness  of  the  compensation  networks  can  be  more 
easily  assessed. 

In  a practical  situation,  nonlinearities  other  than  that  in  the 
! emitter  resistance,  cannot  be  totally  ignored.  We  shall  presently 

i 

discuss  the  inclusion  of  other  nonlinearities. 

4.?  Transistor  Nonlinearities 

The  modelling  of  transistor  nonlinearities  suitable  for  inter- 
ference study  has  been  well  explored  [7,8,9].  The  general  incremental 

model  of  a transistor  is  shown  in  the  dashed  box  of  Figure  4.1.  In 

i 

! 

I this  circuit  the  following  nonlinearities  are  included: 

Nonlinear  emitter  resistance  effect  is  repre- 
sented by  kiv^).  This  is  the  only  nonlinear 
effect  that  was  included  in  the  study  of 
Chapters  II  and  III. 

Nonlinear  emitter  capacitance  effect  is 
represented  by 

Nonlinear  collector  capacitance  effect  is 
represented  by  “ ''"2^  • 


u, 

(2) 

(3) 
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(4)  The  nonlinearity  associated  with  and  the 
avalanche  nonlinearity  are  represented  by 


g(Vj,  - v^) . 


A set  of  formulas  have  been  derived  in  [9]  for  the  analysis  of 
the  common-emitter  amplifier  circuit  at  hand.  The  pertinent  formulas 
needed  for  analysis  of  the  circuit  through  the  third-order  intermodulation 
are  listed  below. 

For  k (Vj)  : 


ki  = f 
e 


’'2=— 2 


3 ^^2  3 

E e 


For  Y ('^2^  nonlinearity. 


"le  ' ^^2 


^2e  = I 


^3e  “ 3 


where  C*  is  that  component  of  C.  that  relates  the  diffusion  capacitance 
d 2 

to  emitter  current. 

For  Y (v^  - V ) nonlinearity 
c 3 2 


Y *:  C 

’ic  Ic 
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where 


2c  21 c » ’ “2V^B  c 


(4 


iiXM+l)_  ^ ^ ^ Piu+l) 

^CB 


Y,  ^ . c'  ^ r 


(4 


^ “ T barrier  voltage. 

For  tho  gCv^,  v^  " "'l’'  following  series  of  formulas 


FBmax 


2 

1+a  log^ 

Cmax 


(4 


N-e 

^GC  " ■*■  “ 1+hyg 


(4, 


‘’l  ^ Vmax  + ^ -•>  -i- 


-)  + 2a  log(^^ — log  e (4 


Gmax  -Cmax 


V _ a log  e ,,  . GC  . 

“2 flogCT ) + log  e] 

GC  ^Cmax 


(4 


_ a Jog  e , , ^GC  , 

^ , 2 ) 

— Cmax 


(4 


GC 


, ^CB  ^ “1 


‘1.1  (n-1)  „ 

m.  *=  — — + — ■■■■-—■  in, 
2 m 2 1 

o CB 


„ _ 2 n-1,  “i  |.”i  . n-i  , 

o CB  m 2V  ,, 

o CB 


^ ^Emax 


max 


d -h  3 

^3  *VEmax  ^ ,5  ^ 

'*1 


The  node  equations  that  govern  the  relationship  of  this  amplifier 
is  Equation  (4.23)  which  is  given  on  the  following  page,  where  Y is  the 

Ij 

combined  admittance  of  K , C , and  L in  parallel. 

L L ij 


Denoting  the  first  three  orders  of  nonlinear  transfer  functions 


at  node  1 to  be 


those  at  node  2 to  be 


and  those  at  node  3 to  be 


s'V'  ^2<h'V'  s<h'^2'V 


We  have  for  the  first  order 


^43  “ "^42 


L = -L 
53  52 


^63  “ ~\2 


S3  = -S2 


L « -L 
83  82 


L “ -L  . 
93  92 


(4.25) 


The  second-order  transfer  functions  are  given  by 


0 

S‘S'S> 

= [y(j2n(f^+f2))]“^ 

3'S'S^  _ 

j32^^1'V  ^ 

(4.26) 


where 


(4.27) 
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r 


where  the  subscript  p denotes  the  average  of  all  possible  permutations 

A A 

of  the  arguments  and  f^-  identical  to  ®3ccept 

^k2  replaced  by  = 1,3, 5, 6. 

The  third-order  transfer  functions  are  given  by 

|^<V"2'V 

I 


-1 

r 

0 

- Cy(j27r(f^+f2+f3))] 

^23^^1'^2'^3’ 

S3<^1'*2'^3> 

(4.28) 


where: 


^ 2L32{[C^(fl)-B^(fl)]lC2(f2,f3)-B2(f2,f3)]> 


+ [C^(f2)-A^(f2>]  [C^(f3)-A^(f3)3 


+ [C^(f^)-A^(f^)]  [C^(f2)-A^(f2)]B3^(f3)} 


(4.29) 


and  ^33  identical  to  ^23  '^3^  except  that  replaced 

by  *'•;  k = 1,2,3,  ...  ,9. 

4.3  Numerical  Experimentation  Including  Other  Nonlinearities 

The  transistor  amplifier  used  in  the  experimentation  of  Chapters 
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II  and  III  is  further  studied  with  other  nonlinearities  included.  In 
addition  to  the  parameters  given  in  Chapter  II,  the  following  parameters 
have  been  assumed: 


CB 


n * 2 


a = 0.38 


=350 

CBO 


- 0.633 

max 


122 


max 


S = 0.12 


= 0.12 


Cl  'v  0 
d 


7 pF 


The  third-order  intermodulation  of  the  amplifier  with  this 
transistor  is  then  analyzed  along  the  border  of  the  frequency  p^u^allelo- 
gram  of  Figure  3.4  for  the  case  in  \rtiich  only  r^  nonlinearity  is  included 
and  for  the  case  when  y - v ) and  gCv.,,  v.-  v_  ) are  also  included. 

The  results  are  tabulated  in  Tables  4.1  and  4.2.  It  is  seen  that  the 
difference  in  neglecting  both  ) and  9 ^^^2  ' ^^3  ” ^ nonlinearities 

varies  from  approximately  5 dB  to  17  dB  along  the  border. 

When  the  compensating  networks  are  applied  to  the  amplifier  and 
when  other  nonlinearities  of  the  transistor  are  included,  it  was  found 
that  generally  a different  set  of  element  values  are  required  for  the 
compensating  networks  to  achieve  the  optimum  effect.  It  is  also  noted 
that  the  amount  of  reduction  achieved  by  each  ccxnpensating  network  is 
diminished  by  roughly  the  same  amount  as  the  difference  between  the 
uncompensated  third-order  Intermodulations  tabulated  in  Tables  4.1  and 
4,2.  In  other  words,  with  the  proposed  compensating  scheme,  the  third- 
order  intermodulation  can  be  reduced  to  approximately  the  same  absolute 
level  whether  we  consider  the  transistor  to  have  nonlinearity  only  or 
when  we  include  “ ^^2^  and  ^3  “ '^l^  nonlineeurities  as  well. 
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Table  4.1 


THIRD-ORDER  TRANSFER  FUNCTION  WITH  kCv2)  NONLINEARITY  ONLY 


Po  int 

1 

48. 625 

2 

48.875 

3 

48.750 

4 

49.000 

5 

48.875 

4 

49.125 

7 

49-OnO 

8 

49 . 250 

0 

^9.125 

1^ 

/9. 375 

t T 

49. 2*^0 

12 

49.500 

13 

49.375 

1 4 

49.625 

15 

49.500 

1 6 

49.750 

17 

49. 625 

18 

49.875 

19 

49.750 

20 

50.000 

21 

49.875 

22 

50. 125 

23 

50.000 

50.250 

25 

50. 125 

26 

50.375 

27 

50.250 

50. son 

29 

50. 375 

30 

50.625 

31 

50.500 

32 

50.750 

33 

50.625 

34 

50.875 

35 

50.750 

36 

51.000 

37 

50.875 

38 

51  . 125 

39 

51 .000 

40 

51.250 

41 

51 .125 

42 

51 .375 

Offlz) 


48*  625 

-47 

48.875 

-47 

48.750 

-47 

49.000 

-47 

48.875 

-48 

49. 125 

-48 

49.000 

-48 

49.250 

- 48 

49. 125 

-48 

49.375 

- 48 

49-250 

- 48 

49. 500 

-48 

49.375 

-49 

49.625 

-49 

49.500 

-49 

49.750 

-49 

49.625 

-49 

49.875 

-49 

49.750 

-49 

50.000 

-49 

49.875 

-50 

50. 125 

-50 

50.000 

-50 

50.250 

-50 

50. 125 

-50 

50.375 

-50 

50-250 

-50 

50.500 

-50 

50. 375 

-51 

SO. 625 

-51 

50.500 

-51 

50.750 

-51 

50. 625 

-51 

50.875 

-51 

50.750 

-51 

51.000 

-51 

50.875 

-52 

51.125 

-52 

51 .000 

-52 

51.250 

-52 

51 . 125 

-52 

51.375 

-52 

^3 

fl+f2+f3 

.50 

49.75 

. SO 

50.25 

. 75 

49.75 

.75 

50.25 

.00 

49.7  5 

.00 

50.25 

.25 

49.75 

.25 

50.25 

. 50 

49.75 

.50 

50.25 

.75 

49. 7 5 

.75 

50.25 

.00 

49.7  5 

.00 

50.25 

.25 

49.75 

.25 

50.2  5 

.50 

49.75 

.50 

50.25 

.75 

49. 7 5 

.75 

50.25 

.00 

49.75 

.00 

50.25 

.25 

49.7  5 

.25 

50.25 

.50 

49.75 

-50 

50.25 

.75 

49.75 

.75 

50.25 

.00 

49.7  5 

.00 

50.25 

.25 

49.75 

.25 

50.2  5 

.50 

49.7  5 

.50 

50.25 

.75 

49.75 

.75 

50.25 

.00 

49.75 

.00 

50.25 

.25 

49.7  5 

.25 

50.25 

.50 

49.7  5 

. 50 

50.2  5 

103(1^, f2. fa)! 


.0540039 
.0450855 
.0451635 
-0373721 
.03721^34 
. 0306464 
.0302171 
.0249244 
.0242135 
.020191  I 
.0192247 
.01 64035 
.0152528 
.0135028 
.0122907 
.0114398 
.0103343 
.0102091 
.009 3823 
.0098627 
. 009 4042 
.0104638 
.0103129 
.0120072 
.01 19959 
.0144008 
.0143596 
.0175213 
.0173376 
.0212428 
.0208  759 
.025451 7 
.0249203 
.0300476 
.0294125 
.0349 429 
.0342902 
.0400632 
. 0394890 
.0453462 
.0449455 
.0  507  400 
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Table  4.2 

THIRD- 

-ORDER  TRANSFER  FUNCTION  WITH 

kCv^), 

CV3-V2) 

AND 

gCv2,  v^-v 

NONLINEARITTES 

Point 

^2 

^3  ^ 

j_+f2+f3 

|C3(fj^,f2,f3)| 

(MHz) 

1 

48.625 

48. 625 

1 

• 

O 

49.75 

.0075294 

2 

48.875 

48-875 

-47.50 

50.25 

.0072248 

1 3 

48.750 

48.750 

-47.75 

49.75 

. 0070008 

A 

49.000 

49.000 

-47.75 

50.25 

.0071 659 

5 

48.875 

48-875 

-48.00 

49.75 

.0067372 

■ 6 

49. 125 

49- 125 

-48. 00 

50.25 

.0071531 

7 

49.000 

49.000 

-48.25 

49.75 

.0065613 

H 

49.250 

49.250 

-48.25 

50.25 

.007071 1 

9 

49. 125 

49. 125 

-48.  SO 

49.75 

.0063676 

10 

49.375 

49.375 

-46.50 

50.25 

.0068776 

1 1 

49.250 

49.250 

-48.7  5 

49.7  5 

.0061216 

1? 

49.500 

49. 500 

-48.75 

50.25 

.0065823 

13 

49.375 

49.375 

-49.00 

49.75 

. 0058433 

! 1^ 

49.625 

49.625 

-49.00 

50.25 

.0062308 

49. 500 

49.500 

-49.25 

49.75 

.0055873 

i 

49.750 

49.750 

-49.25 

50.25 

.0058919 

17 

49. 625 

49.625 

-49.50 

49.75 

.0054225  ; 

1 8 

49.875 

49.875 

-49.50 

50.25 

.0056435 

19 

49.750 

49.750 

-49.75 

49.75 

.0054045  ' 

PO 

50.000 

5C.000 

-49.75 

50.25 

.0055507  j 

21 

49.875 

49-875 

-50.00 

49.75 

.0055503  1 

22 

50. 125 

50- 125 

-50.00 

50.25 

.0056412  ] 

23 

50-000 

50-000 

-50.25 

49.7  5 

.0058313  d 

2A 

50.250 

50-250 

-50.25 

50.25 

.0058953  I 

2^. 

50. 125 

50. 1 25 

-50.50 

49.75 

.0061893  j 

2fy 

50-375 

50.375 

-50.50 

50.25 

.0062590  ^ 

27 

50.250 

50.250 

-50.75 

49.  75 

♦0065609 

28 

50- 500 

50. 500 

-50.75 

50.25 

• 0066698 

29 

50.375 

50.375 

-51 .00 

49.  75 

.0068937 

30 

50.625 

50-625 

-51.00 

50.25 

.0070752 

31 

50- 500 

50-500 

-bi.25 

49.7  5 

.0071539 

32 

50.750 

50.750 

-51.25 

50.25 

.007441 1 

33 

50.625 

50.625 

-51.50 

49.75 

.0073285 

34 

50.875 

50.875 

-51.50 

50.25 

.0077544 

3S 

50.750 

50.750 

-51.75 

49.7  5 

.007  4264 

36 

51-000 

51.000 

-51 .75 

50.25 

. 0080222 

37 

50.875 

50.875 

-52.00 

49.7  5 

.007  4795 

38 

51.125 

51  . 125 

-52.00 

50.25 

.0082715 

39 

51 .000 

51.000 

-52.25 

49.7  5 

.0075435 

40 

51 .250 

51.250 

-52.25 

50.25 

.0085468 

41 

51  - 1^>5 

51 . 125 

-52.50 

49. 7 u 

♦0076953 

42 

51.375 

51.375 

-52.50 

50.25 

♦0089056 
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CHAPTER  V 


COMPUTATION  OF  COMPENSATING  NETWORK  PARAMETERS 
5.1  Introduction 

In  the  course  of  this  study,  several  computation  techniques  have 
been  employed.  Initially,  we  relied  heavily  on  the  following  strategy: 

(1)  Choose  a compensation  network  function 
a priori. 

(2)  Derive  the  cost  function  in  terms  of  the 
amplifier  circuit  parameters  and  the  con- 
pensation  network  function  parameters. 

(3)  Establish  a criterion  by  which  the  cost 
function  is  to  be  minimized. 

C4)  Employ  the  modified  Fletcher-Power  method 
to  minimize  the  cost  function. 

(5)  Synthesize  the  compensating  network. 

This  strategy  turned  out  to  have  several  drawbacks: 

(a)  It  is  generally  difficult  to  know  the 
proper  choice  of  a starting  point  which 
is  very  vital  to  the  success  of  the 
optimization  program. 

(b)  It  is  necessary  to  derive  the  derivative 
of  the  cost  function  with  respect  to  the 
compensation  network  parameter.  This 
step  usually  requires  a great  deal  of 
human  time  and  the  expressions  have  to 


l>e  completely  altered  when  a network  is 


modified  or  replaced. 

As  our  numerical  experimentation  progressed,  it  became  more 
clear  that  once  we  know  a good  start  point  the  problem  is  practically 
solved  because  the  improvement  achieved  after  the  proper  stcurting  point 
has  been  found  is  usually  very  minor.  Hence,  otar  later  strategy  really 
concentrated  on  the  search  for  a good  starting  point.  The  improvement 
thereafter  is  achieved  mainly  by  a systematic  search  routine. 

This  last  strategy  is  adopted  partly  because  our  experience 
showed  that  with  this  particular  compensation  technique,  the  ccmplexity 
of  the  compensating  network  buys  us  very  little,  if  any,  improvement  in 
intermodulation  reduction.  Hence,  it  is  most  expedient  to  use  the 
simplest  ccmpensating  network  possible. 

In  the  context  of  this  background  information,  the  following 
sections  describe  the  most  practical  computational  strategy  for  deter-* 
mining  the  best  passive  compensating  network. 


5.2  Calculation  of  Third-Order  Intennodulation 

The  heart  of  the  computational  effort  is  the  basic  third-order 
transfer  function  analysis  routine  for  a given  sunplifier.  The  main 
program  is  shown  below. 


I NT  ANA  C I N = UT  , OUTPUT  ♦ T A P£  5 = I N ^UT  # T A P£  6 = 0U  TP  UT ) 

REAL  <i, <2 ,<3, IC, ICM, IGC 

COMPLtX  IAl,:aif:Cl.IA2,I02,IC2,IA3,I33#IC3 
COrt°L£X  VAFi,VAF2,VAF3fVnfl,Ve^^2,VBF3fVCFi,VCF2tVCrT 
COMPLEX  \/CAFt  ,VCAF2,  VCAF3,\/CflFl,VCaF3,\/CBF3 

COM^LrX  7AF12,VAFi3*  VAF2T,VBFl2»VGFi3*VaF23,  VCF12  , \/CFl  3,  VCF?  2 
C0M^L£X  VCAF12,  VCAFl3,VCAF2  3.\/CeF12,  VC3F13,\/CB^2  3 
C0MPL.2X  VflFl23,VP‘"123,VCFl23 
COMMOM  IIl,Fl,F2,cr3fFFfPG«GX»GY 
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C READ  IH  ANY  OF  SETS  OF  FREQUENCY  COMBIN4TICNS 

II1  = J 

777  R£AD(5f*)  F1,F2,FT 

IF(IOF(5) ) 77, 2D 
2C  iri=iii+i 

C ASSIGN  TRNSI3T0R  AND  CIRCUIT  PARAMETERS 

'/G  = t.& 

RG=75.0 

CLE  = 0.*t3i*29U482c032 
VCB=lb.O 
N = 2 

A=0, 3d 

YCBC=350.C 

HFE1=122,C 

IC=0.12 

rCM=0.633 

iE=a.i2 

RE-0.2165 

C START  COMPUTATION  OF  INTERMEDIATE  PARAMETERS 


PAI=3. 141592654 
CLE  = 0.-f34294.4325032 
<1=1. /RE 

<2  = 1./(2.*IE*^RE**2) 

<3=1./(P.*IE**2*RE*^3) 

GAM2C=-0 .lH34i0a5E-12 
GAM3C=2. 90432E-14 

HFt=HFEM/(l+A*CALOG10<IC/ICH)**2)) 

IGC=CM*HFc*IE/(l +HFE) 

31  = l+HFEM+A*(ALQGli)  { IGC/I  CM  > * *2  > ♦£♦  A ♦CLE  * A LOG  1 C ( IG  C / ICM ) 

32  = A*CLE/IGC^(AL0G1C  (IGC/ICM) +CLE) 

37=-A^CLE/(3^IGC*^2) ♦ALCGIO (I3C/ICM) 
CM0=l/(l-(VC3/7Ceo>**N) 

CMl=N*YC3**(N-i) *CM0*CMC/ (VCeO^^N) 

CME^CMl^^CMl/CMO+O  ,5*  (N-1  > *CM1/VC0 

CM3  = 2*CM2/3*-(2*CM1/CMC  + (N-1)*0  .5/VC3) -CM1/3+ ( (CM1/CMQ>»»2 
!♦ (N-1) /2/VCB/VCB) 

01=-HF£M/R1 

01=-Qi 

O2=-02*HF£M*HFEM/ (01**3> 

03=HFEM»»3^*((  81»B3-2*^S2»92)  /CB1»»5)  ) 

03=-Q3 

GX=Ol*CMfl*Kl 

GY=01*IE»CM1 

E12=  -<2  ♦ D1*CMC*<2  ♦ D2*CMC**2»<1**2 

£22=  -<3  +Ol*CM0*<3  ■*-  2^D2*CM0»*2*K1*<2  +03*CM3*+5*K1»*3 
£52=  Oi*ie*CM2  ♦ C2*I£**2*CM1**2 
£62=  Dl*CMl*Ki  ♦ 2*D2»IE*CMu»CMl*<l 

E72=  01*IE»CM3  ♦2*Q2»IE»*2*CM1*CM2  ♦03»IE'^»3*CM1»»3 


£32=  Di»CM2*Kl  ♦2^O2»ie»CM0*Ki»CM2  ♦2»02*IE»CM1^»2*<1 
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01*CM1*<2  +2*02*IH*^CM:*CM2*<2  ^Z*DZ*Cm*KL**Z*Cf*l 

C ANALYSIS  OF  Flr^ST-ORCe®  CIRCUIT 

IAi  = CMPLX  (i/S/PG,  Q,0  ) 

I31=CMPLX (u.O.  0.0) 

IC1=CMRUX(C.0,  O.Q) 

F = F1 

CALL  GFIFVRtF,IAl,IBlfIC2  , V A Fl , V BF 1 * VCF 1 ) 

F = F2 

CALL  GFXFVB(F.IAl,I31,ICl,VAF2.\/eF2,  VCF2) 

F=F3 

GALL  GFIFV8(F.IAl,X91tICl,VAF3f VBF3. VCF3) 

C ANALYSIS  CF  SFCCNC  0 = CEF  Cl-tCUIT 

i/CBFi  = VCFl-y8Fi 
7CBF2=7CF2-V3F2 
VC3F3=7CF?-73F3 
VCAF1=VCF1-VAF1 
7CAF2=VCF2-7AF2 
VCAF3=VCF3-VAF3 
F=F1+F2 

E32=  CMPlX  (L  . 0 ,2*FAI  *F)  *GA.N2C 
IA2=CMPLX  (G. -J  • a. 3) 

I92=£l2*V3Fi  + 73F2  F 32  + 7CBF1 » 7C8  F2  + E 32^^  VC  AFl*  VC  AF  2 
1 + 362*( VCAFi*VBF2+VCAF2*V3Fi) /2 

IC2=-I32  - <2*V3F1*V9F2 

CALL  GFIFV3<F,IA2 ,132  ,IC2,VAF12t  V*=Fx2,VCFl2) 

F=F1+F3 

£52=  CMPLX CO .C ,2*PAI*F) »GAM2C 

I32  = £i2*vaFl*V3F‘»  * £?2*VC9Fl»VCaF3  + £5  2»  VC  A FI*  VC  AF  3 
1 + H62*rVCAFl*V3F3+VCaF3*VBFl) /2 

IC2=-I3i  - <2*VeFl*VBFl 

CALL  GFIFV3CF. IA2,I32,IC2 ,VAF13, VEF13,VCF13) 

F=F2+F3 

£32=  CNFLX (0 . 0, 2*PAI*F) *GAM2C 

I32  = £12*VPF2*VGF3  + £ 72* V C3F2* V C3F 5 + E 5 2* VC AF 2* VC  A F 3 
1 +£62* (VCAF2*V3F7+VCAFi*VPF2 ) /Z 

IC2=-I32  - <2*VBF2*veF3 

CAUL  GFIFV3(F,IA2,IB2,IC2,VAF23, VBF23,VCF23) 

C ANALYSIS  OF  THIRn-0PD£9  CIRCUIT 

F=Fi*F2+F3 

£32=  CNOLXCO .0,2*PAI*F) *GAM2C 
£42=  CMFLXCO ,0t2*PAI*F) »GAM3C 
VCBFX2=VCF12-V8F12 
VCSF13=VCFx3-V3F13 
VCSF23=VCF23-VBF27 
VCAF12=VCF12-VAF12 
VCAF23=VCF23-VAF23 
VCAF13=VCF13-VAF17 
IA3=CM  = LX  (0  .0,  C .0) 

I33=2*£12*(VBF1*VBF23  + VPF2*V3F13  + V3F7*V9F12)/'» 

1 ♦£22*V3Fl»V0F2*VBF3 

1 ♦2*£72*(VC3Fi*VCBF23+VCBF2*VCFFi3+VC8F3*VCBPl2)/3 

1 ♦£42*VC1Fi*VCPF2*VCPF3 
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1 ♦2*E:5C*(VCfiFl*VCflF27*VCAFii*VCflF15*7CAF3*  VC^rt^)  / 3 

1 ♦tOa* (VCAri*y«rz  3^VCAF2*VTF134VC AF3»V9Fi 2) /3 

1 ♦•Z62*rVCAF12*\l'JF3fVCAPi?*7!>rf  ♦ V C AF2  3 * yrjp  i ) /3 

1 +’:7c*7CAF1*VCAF2*VCAF3 

1 ♦3'i2*  (VCAFl^VCAre^t/pF’^VCAF^^^VCAF  j»79Fi+- VCAFl*7CAF3»Vf'F2l  /: 

1 +E92*(VCAFl*VnF2*unp3  4vcAF2’V'’Fl*VQF7*VCAF3*VL‘Fi*V9F2)/3 

rC3  = 'X32-2,»K:*(V^Fl*vrFt3  + VPF?*7nF13  + VLlF3^‘Veri?)/3 
1 -K3*vnFi»7nF2*vTr? 

CALL  GFIFVtUF,IA3,n33*IC3,VAFl3  3,\/9Fl23,VCFl23) 


VCF123  IS  THE  THira-CFC'R  T«>ANSrER  FUNCTICN 

GO  TO  777 
STOC* 

LiyO 

SUBROUTINl  3FlFVPCF,IC,IG,rCtVA.V3,7C» 

THIS  SUf’RQUriNE  FINOS  THE  fJCC'  VCLTAGIS  AT  THE  FREQUENCY  F 
WHEN  THE  SO'J-^CC  CUR-Er.N'TE  lA,  IH,  IC,  ANO  THt  Y MA'tRIX  ARE  GIVFH 
DIMENSION  JC(A> 

REAL  LL,LE 

COMPLEX  1 A, IQ, rC, VA , VP, VC 

COMPLEX  YGAM1C,YGX,YGY,Y1,Y3, Y RP , Y RG , YR£ , Y°L ,YC1,YC2,YC3,YCL,YLL,YL 
COMPLEX  Y(3,A) 

COMMON  1 11  ,F1 , F2,  <^3,  RC  , ‘=G,GX,GY 

ASSIGN  flCniriONAL  TRANSISTOR  AND  Cl^-'CLUT  VALUES 

Cl=6.L£-l2 

C2=i.5£-9 

C’=9.:£-12 

RR=*3,6 

RC=520D. 

GAM LC-r .0£-i2 
CL  = 1.M67S7:-9 
LL=«,5361E6£-9 
Rl=75.0 

START  calculation  OF  AFMITTANCGS 


.0*3.1si‘»265L*F 

■MiC=CMFLX (& . , W*GAM1CI 

=cmplx  <gx  , : . ) 

= CM‘>lX  (GY  , C . ) 

=:CM^l.X  (I  . n/"G  . 0.0) 
c H L X ( L . L • J . C ) 
CMPLXfl  .1,0.0) 
l = C''PL^  (1  . 0.0) 

; = CNPLX  (1.  0/-^C  . G . C » 
?CM°LX  (1. 0/Rt  0 . L ) 


?CM°LX  (1.0/Rt  0 

= C^^LX  (1. 0/RL,  0 
=CM?LX (u. 0 , W»C1 
=CM^Ly<u.J,  W»C2 
= CMPLX  U',  0 , w*  C7 
=CMPLX(U.0.  W»CL 
= CMPLX  U;.  0 , -1.0 

yrl*-ycl  + yll 


R.  0.0) 

C . G . C » 

C.  * . 0 • L ) 

L,  0.0) 
w ♦ C 1 ) 
w » C 2 ) 
w^C7) 
w»Cl) 

-1.0/(W*IL) ) 
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ASSIGN  VALUES  TO  NOOAL  AOMiTTANCt  MAT-^IX 


Y(l.l)=YKG+Y^>YCi+TR0+Y3+TC3 

Y (i,c>  =-YR0 
Y (1,3) =-Y5-YC3 

Y (I»*+)*IA 
Y(2,^)=-YR3fYGY 

Y^^,^^=Yr.3^-YR£  + YC2♦YCC  + YGA^UC-YGX 
YC3»3)=-YRG  -YGAt-lC-YGY 
Y(2,h) =IR 

Y ( 3,*>=-Y3-YC3-YGY 
Y ( 3,2)=-YRC“YGAMXC+YGX 

Y (3,31  =V3<-YC3  + YRC^YRL  + YL+YGAM1C  + YGY 

Y (a,**)  =ic 

call  sudroutine:  rc  solve  matrix  equation 


V— (7«Gt  u»0) 

call  CGJR  (Y  ,-,,3*3*A.  JC,V)  * RE  TURNS  ( ) 

THE  THREE  NOOE  VOLTAGES  ARE 


VA  = Y (If  4) 
V3  = Y (Ef 
VC  = Y (3,*+) 


GO  TO  7T 
CONTINUE 

WRITE(6»I5)  F , JC (1» 

FORHAT(/-fX,FlS.2,4X,6HJC(l)  = f 1 4 » 4X  * i J H6A  0 MA  TRIX  ) 

STOP 

RETURN 

cNO 


The  relationships  used  in  this  program  are  those  included  in 

Chapter  IV.  For  the  analysis  of  the  transfer  functions  when  r non- 

e 

linearity  only  is  considered,  such  as  was  done  in  Chapters  II  and  III, 
we  only  need  to  set  certain  parameters  to  zero. 

Subroutine  CGJR  is  a library  program  which  is  used  to  solve  a 
set  of  linear  simultaneous  equations  xising  Gausa-Jordan  reduction 
method.  The  print-out  and  a description  of  this  subroutine  is  included 
in  Appendix  A. 

Most  of  the  variables  used  in  the  Fortram  program  use  the  same 
ccmbination  of  alphemumeric  characters  used  in  Chapter  IV.  Those  that 
are  different  are  listed  below: 
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CLFs  log  t' 
GAM1C=  Y, 


GA^^C*  Y 


CM0S  m 


C ''  1 « m. 


CM?s  m. 


m. 


MP=  L 


FPP=  L, 


F/^Ps  L. 


F^P=  L 


f^'Ps  L, 


y •^Pa  L 


f72=  L, 


FR?a  L, 


F9P=  L. 


VAF1  = A^(f^) 

VBFl  = B^(f^) 

VAMPa  A2(f^,f2) 
VB»iP3=  B2(f2.f3> 
VCMP3*  C2(f^,f2,f3) 


5.3  Interactive  Mode  Search  for  Values  of  and  at  One 
Frequency  Combination 

To  search  for  the  appropriate  ccanpensating  networks,  it  is  found 

moat  efficient  to  first  find  the  best  values  for  Y^^  Y^  and 

Y , for  the  frequency  combination  corresponding  to  the  center  of  the 
3 lo 
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region  occupied  by  the  bandwidths  of  the  two  interf erring  signals. 

The  third-order  transfer  function  is  first  calculated  using  the  progaa 
listed  in  Section  5.2  at  this  center  frequency.  The  magnitude  of  this 
transfer  function  is  entered  as  h30  in  this  new  program.  The  variables 
Q(l)/Q(2),  . . . ,Q(8>  are  the  real  and  imagninary  parts  of  the  four 
adzaittances  mentioned  ed>ove.  The  program  is  a modification  of  the 
Analysis  Program  listed  on  page  65  and  only  new  key  statements  are 
listed  below. 

% 

C .“i  SSIGN  SIG:4mL 

'1  = 

2 = F1 

C '.IVF  0^  THrw0-0;^DF=  -iJf'CTION  ^ITHOLiT  Y1  AND  v3 

C ISITG,.  INITIAL  yALUFG  7A^IA1L£.S 

')(!>  = 

1 { n = 

TC*)- 
1 ( 6 » = 

1 (5»  = 

N t = 

■3  ( -i)  = 

8577  GONTINU: 

7 G = 1 . j 
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C r,0-lc>uT£  A.n  C^IDUCIICN  IN  THrRP-O^OF.P  TRAMSf^ER  FUNCTION  ^ 


M -3  = 30  ■’.  r ( .'  -:at  tVCFi  23)  AT^^'A^,  ^ I)  *^2  1 

1^  = 2:.  ]*ALOGi.C  (m3/HCj) 

:F  { 6*  *)  ( Ot  JJ)  ^ JJ  = i » d ) » 0 3 

C ENTER  Nr:\  VALUE  OF  Q(JJ) 

=^EAU<G,*J  MJ*GV 
3 (NJ) =OV 
GO  TO  8d77 
STOP 
END 


SU.V^OUTINE  GFIFVF(F,IA,TB,IC,VA,VR,3C) 


y RG=C('^PL)( < : • :/'^G,  z.ci 

C ASSIGN  7A,aA3LF  VALUES  TO  VI  AND  Y3 

IF  ( AOS  (./ J . GT  .C  .3E8 -AND.  A 35  (W)  . LT*  1 .E-a  ) GO  TO  119 
IF  (A^S  (N)  .LT  .IjFd  ) GO  TO  117 

C ^EAL  ANiJ  IMAGINARY  PARTS  OF  Y1  AMO  Y3  AT  HIGH  FFEOUENCY 

Y 1P=0 (1) 


Y1I=0(2) 

Y -fR-O  ( T) 
y 7I=u  (-^J 
GO  TO  11-i 

C A;n  HAGIiNA^^Y  PARTS  vOF  i mNO  Y3  AT  LOW  FREOUENO^ 

117  ^1R^0(F1 
Y1  1=^0  (6) 

Y 3R  = 0 ( 7» 

Y 3 1=0 (81 

118  CONTINUE 

y 1 =C.NPLX  ( YlR  , Y IT  > 

Y 3 = CPPL:<  ( Y 5R  »Y  '?!) 

GO  TO  lao 

119  yi=c;m ^Lx  (1 . : tC , : » 

yi=c.NPLx{ j.c,:  ,3J 
12C  CONTIfJUr, 

YOR  = CM<^^Y  (1  . n .G» 
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A set  of  initial  values  are  assigned  in  the  m2d.n  program.  Then  these 
values  can  be  changed  one  at  a time.  After  each  change,  the  reduction 
(in  dB)  and  the  values  of  all  eight  variables  are  printed  out.  The 
variation  of  this  reduction  is  observed  as  the  Q*s  are  being  V2Lcied. 

By  judiciously  adjusting  the  values  of  Q's,  the  reduction  is  gradually 
increased.  A section  of  the  print-out  of  a sequence  of  such  interactive 
steps  is  shown  below, 

NEW  Q(l)=  0.053 

G-S*  .0530  7.777c  .OOCC  .63C0  .1735  .005^  .0352  .0000 

REDUCTION  IS  25. 3*^  DP 

NEW  Q(3) = 0.0011 
Q“SJ  .0530  7.777c 

RECUCTION  IS  25.73 


.uCll  .oeCj  .1735  .uC5u  .0352  .COCC 
DB 


5.4  Automatic  Reseaxch  for  Values  of  and  At  One  Frequency 

Combination 

Once  the  interactive  mode  of  search  has  rendered  a set  of  values 
of  and  y^,  that  gives  a reasonably  good  reduction  in  third-order 
transfer  function,  these  values  are  best  readjusted  by  an  automatic 
search  scheme  to  further  increase  the  reduction.  Although  several 
automatic  search  schemes,  such  as  the  Rosenbruck's  technique,  have 
been  tried,  it  was  finally  decided  to  simply  perturb  the  variables  by 
certain  amounts  and  the  reduction  computed  for  each  ccmbination  of  the 
pertxirbed  veuriables  values.  As  each  reduction  is  computed,  the  new  set 
of  variable  values  and  reduction  is  printed  out  only  if  the  reduction  is 
higher  than  the  highest  reduction  obtained  previously.  Thus,  after  each 
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perturbation,  only  the  best  result  is  kept*  The  process  is  then 
repeated  using  the  best  result  as  the  new  starting  point.  The  process 
is  considered  ccnplete  either  when  the  reduction  is  extremely  high  or 
when  the  smallest  purturbation  does  not  alter  the  reduction. 

The  algorithm  used  is  shown  below.  It  is  again  the  same  program 
listed  on  page  65  with  some  modifications.  Again,  only  key  statements 
are  listed  here. 


C ASSIGN  SIGNAL  FREQUENCIES 

Fl  = 

F2  = F1 
F3  = 

C ASSIGN  TRANSISTOF  AND  CIRCUIT  PARAMETERS 

tfG=1.0 

£92  = Dl*QMi*K2  +2*C2*  IE*CMO*CM2*K2  *^Z*0Z*W1*KZ**Z*  Cf'i 
C GIVE  yALUE  OF  THI^Q-CRCER  TRANSFER  FUNCTION  WITHOUT  Y1  AND  VT 

H?C  = 

C REAO  INITIAL  VARIABLE  VALUES 

REA0(5f * ) Qlf Q2*Q3f04.Q5»06f Q7*C8 
C SET  INITIAL  REDUCTION  REFERENCE  IN  09 

£FSI  = -10  . J 

C READ  IN  THE  NUHEER  OF  PERTURBATIONS  OF  EACH  VARIAFUE 

88  REA0(5f*)  NM 

C READ  IN  THE  INCR£^'ENT  OF  PERTURBATION  IN  PERCENT 

READ(5,*) 


J 
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C CO^•PlJTE  ANO  S£T  LCC^S  PGR  \/ARXA6L£  ^AlU£  CHANGES 


KK=  (NM4-1)  /2 

PGJ  =x.u+PQ/10iJ,0 

DO  7uCl  Jl=i,NM 

QflJ  =(ai/(DTJ»*KKJ 

DO  7Dbl  JG=*,NM 

QC2) =(Q2/ (PaJ^^KK))^  CFGJ’*J2) 

00  7QCii  J3  = 1,MM 

3(3) =(Qo/ (PQJ^*KK) I * CPQJ**J3) 

00  70G1  J4=1,NM 

3(4) =(34/(PTJ^*KK) ) * (FCJ^^JU) 

00  7001  Jp=l,NM 

3(5)=<Q5/(P3J**<K) )*<PGJ**J5) 

00  7C01  J6  = 1,N^^ 

3(6) = (Qb/ (POJ**KK) ) * (FCJ**J6) 
00  7001  J7=i.NM 
3(7)=(Q^/(P3J**KK)>* (PQJ^*J7) 
00  7001  Jd=l,NM 
3(8)  = (3«/(P3J*^*<K))‘^(FGJ**JP) 

C FIRST-OPCcP  CIRCUIT 


C SECOND  ORCER  CIRCUIT 


C THIRD-OP  CEP.  CIRCUIT 


CALL  GP  IF  V5  ( F,  I A 3, 133,  I C3,\/AFl23,V‘5Fi23  4 7CF1  23) 

C COMPUTE  PECUCTICN  IN  THIF0-CP3ER  TRANSFER  FUNCTION 

H3=53RT(REAL(VCF123)»*2+AIMAG(VCF123)**2) 

OB=?0 .Dialogic (h3/h3G ) 

C l:'  03  iNC^EASESf  ^PINT  NEW  G*S  ANC  NEW  D3 

IF( og.LT.EPSI)  GO  TO  70C1 
EPSI=SAML 

WRITE (6»»)  (Q(JJ)  ,JJ  = 1,8)  ,03 

C STORE  NEW  Q'S  TE^'FOPCPARILY 

311=0(1) 

322=0(2) 

333=3(3) 

044=0(4) 

355=0(5) 

366=3(6) 

377=3(7) 

388=0(3) 
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7031  CONTINUE 


C TO  TIRMlNflTE  PROGRAMt  KEY  IN  1?  OTHERWISE  ANY  OTHER  INTEGER 

REA0(5»*I  KEN 
IF(KtN,EO.i»  GO  TO  98 

C USE  NEW  Q"S  TO  REPEAT  THE  PE  TUR  0 A T I ON 

Q1=011 
02=022 
03=033 
34=044 
05=055 
06=066 
07=077 
38=033 
GO  TO  33 

93  CONTINUE 

STO=» 

END 

SUBROUTINE  GFIFVB  f F * I A , 10 1 1 C ♦ V A , VB , VC > 


( 

1 


5.5  Automatic  Search  for  Maximvsn  Reduction  Over  a Region  of  Frequency 
Combinations 

Once  the  beat  values  for  Y,  i r and  Y.  , . , for  the 

X 1C  X m 3 lo  3 ni 

center  of  a region  has  been  obtained,  a search  for  network  parameters  to 
maximize  the  reduction  of  third-order  intermodulation  over  a region  of 
combinations  of  frequencies  can  be  made.  Based  on  the  findings  of 
Chapters  III  and  IV,  it  is  best  to  assume  as  simple  a passive  network  as 
possible.  The  simplest  network  is  obviously  either  an  PC  or  an  RL  parallel 
combination  depending  on  whether  the  imaginary  of  the  admittance  is 
negative  or  positive.  The  addmittanccs  of  these  assis&ed  circuits  are 
then  inserted  into  the  search  program. 
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In  addition  to  replacing  the  fixed  admittemce  values  by  those  of 
simple  clrcxiits,  the  search  must  be  carried  out  over  the  entire  region. 
Again,  based  on  the  findings  of  previous  chapters,  as  long  as  the 
frequency  region  is  a polygon  (typically,  a rectangle  or  a parallelogram) , 
only  points  at  the  vertexes  need  be  included  in  the  search.  Hence,  the 
only  other  modification  required  is  to  include  another  loop  so  that  a 
number  of  frequency  points  is  included  in  the  search  instead  of  a single 
point. 

Although  the  search  can  be  done  in  either  the  interactive  mode 
or  the  perturbation  mode,  in  most  cases,  the  former  is  not  necessary  if 
a search  for  the  center  point  has  already  been  conducted.  A print“Out 
of  key  steps  of  this  program  is  listed  below. 


C jIV_  yiL'J-S  OF  F'J.JCTrON  WI'^^OUT  n iiO  Y 

C AT 

JATA  6^“**  oS  j * ^ S / 


C A3SI0N  SIGNAL  F-^LOUiNCI-S  AT  rH£  7l=’T:X£S 

Fl(i)  = 9.^990 
FI 

FO  f*) =-e .9999 
F!(3)=-9.CCji 
F1(3)=f:(i) 

F:.(**I=f1(2) 

F- (£)=F-flJ 
F3  =F3  (3) 
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c 


aSSi'lN  T^^NSISTOP  ANC  CI^=CUIT  =aRAMET^^>S 


c 

8-} 

C 


7G  = * .C 


= »C2  ^CM K2 ** 2* C^^l 

r^SAO  X''JIT:At.  VA«lA3Lc:  VALUES 
READ(p,^)  Ql»02,Q5,Q‘+tT5*  06.^7,03 
SET  INITIAL  '^LJUCTION  RFFL^INSE  IN  0=^ 

• <»■ 

-R£AO  i.'J  THE  NU''iRc.^  OF  =E  = 'C IGNS  OF  cACH  VA^IA?L" 

9£A 0 (St*)  HH 

R£AO  IN  ’’Ht  INC.^cf'ENT  OF  P£f<  T'J?  3A  TI 0 ‘i  Hi  rtFCENT 
R£A0(5t*)  PO 

C0M=UT£  ANO  set  loops  FOR  VAFIAELE  VALUE  CHANGES 

<K=  (NM  + 1) /2 

=»QJ  =l.G+FQ/l?G.i: 

30  7 'j-l  J.  = :,N-i 

Oi  1)  = (3^/  (P3J**KK)  ) * (<=GJ**J1) 

30  7Qtl  JI=1,N'1 
3(2)=(3Z/<PjJ**<K))*lP0J**J2) 

30  72 j:=1tNh 
G (o ) = ( o:  / fFCj**j  ‘ ) 

03  ■^JLl 

3 (-4  ) = (3-  / » » (FG  JL) 

30  7uCi  J==LfNM 


0(5)  = (OS/ (PQJ^^KK) ) *^  (FGJ*^J5) 

JO  73G1  J6=lfNP 

0(6  ) = CQo/<  PQJ* ♦!<»<>  ) » (P0J»»J6) 

30  ■'jCI  J7  = *tNM 
OC/J^COr/tPlJ^^KKlI*  CPCJ^^JD 
30  7jl1  JS  = lTN^' 

0(8)=(33/(P0J*»KK))*(FCJ*^JS) 

Sr'T  1.03c:  FO^  COMMUTING  ^^D'JCTlO^  AT  crjUR  VERTEXES 
30  7w<i2  \N»^th 


78 


c 


S.iCJNJ  C:=^C(JI' 


rHi^?o-o  = Cz^  CIRCUIT 


CALL  v3FirvB(F.:AJtI^',  IC.3  *ViFl27*  V1F*23 ,7CFl£3) 

COMPUTE  -PfOJCTICN  IN  THlPr-OFOI^  T=?3NSFEk  FUNCTION 

H ; = 5 0^T  ( - LAL  ( yyCFi2  3)  **2  + AI'^:G  fVCFlC  : ) **2) 
jO  ( NN)  =cj  ALOOt'j  (H3  /HTC  (NNn 

CONTIN'JI 

IF  MINIMUM  J3  IKCTEASFF.  M'a  0*3  ANO  N£w  D9 

3-3M:n  = Am:ni  ( 00  r.  ) .05:  ( C > ,0B(  3 ) .0'^  ( A)  ) 

IFCOaNlN.LT.IPs;)  GO  I-O  TC31 

-csr=03^iN 

STO^£  0£W  r£M=JFG- ARIL/ 

311=0(1) 

02^=0(3) 

J;3=0(3) 

0UA=0(-) 

055=0(3) 

066=0(5) 

077=0( 7) 

086=0(8) 

CONTIN'J-: 

TO  TERMlNATr  dROGPAm.  kFV  IN  i;  CTHEp^ISC  ANY  OTHER  INTEGER 

^FAO  (5 • * ) KEN 
IF<<£N.E0.1)  GO  TC  98 

JSe  NEW  0*S  TO  RE=£AT  The  oiRTURBATION 


3l  = 01* 
02=022 
03=033 
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09=  l5o 
30  TO 

93  CONT INUE 

3TC^ 

3N0 


St‘B^O'JTlN£  GPIFVB  (F,  lA,  IS*  IC»  VA^Ve,  ?CJ 


Yt^3=CM3tx  (1 . 0 /‘^G  - j • : ) 

c 30"i=UT3  y:  joj  y~  fro.^*  vafiat-les  given 

IF(  A55(W)  ,GT.L  .;F^.ANC.A[iS(rt)  •LT.1.“  9)  GO  TC  119 
IF t A3S( Wl .LT .L . 3U"3>  GC  TO  11' 

C ‘^lAL  tN3  IMAGINA-Y  PAFTS  OF  Yl  ANT  Y5  AT  HIGH  t^PEOUENCY 

YiF,=  ?a ) 

Yi:=-0(2)/W 
r 7P  = 0 ( 3 ) 

Y''I  = -0(31  /W 
GO  TO  119 

C ANO  IHAGINAFV  dAFTS  OF  Yl  ANC  Y:  AT  uOW  F^EOUEnCY 

117  Y1R  = -3<G) 

^ll=-0(b) /W 
yI-.  = 0(7) 
y • l=-o  ( -*»  /w 
119  CON*IMJ- 

Y1=CHPLX (Ylr, Yll) 

YZ=':MPLy(Yc9tYGl) 

GO  TO  12 : 

119  Y1  = CM^LX (T , ] , u .C  » 

Y3=Cf^<=LX  (L  ,C  , C . 0 ) 

120  continue 

Y=>3  = CNPLy  (..  : /PS  , * . C ) 


80 


CHAPTER  VI 


SUMMARY  ‘ 

This  report  suiranarizes  the  second  phase  of  a study  which  makes 
use  of  passive  compensating  networks  to  reduce  in-band  nonlinear  effects 
in  electronic  systems  by  altering  the  out-of-band  linear  responses  of 
the  system.  This  phase  of  the  study  emphasizes  the  reduction  of  third- 
order  interniodulation  when  the  interfering  signals  fall  within  certain 
bands  of  frequencies.  The  method  used  is  primarily  a numerical 
exper imen  ta  t ion . 

Several  imporltnt  conclusions  have  been  reached  as  a result  of 
this  study.  One  observation  is  that  the  complexity  of  the  compensating 
networks  usually  has  little  to  do  with  the  intermodulation  reduction. 

Since  more  complicated  networks  are  obviously  more  costly,  the  compen- 
sating networks  used  in  this  scheme  should  be  as  simple  as  possible. 

Since  both  the  real  part  and  the  imaginary  part  play  a role  in  the  reduc-  | 

tion,  the  simplest  network  would  be  an  RC  or  an  RL  branch.  | 

Based  on  the  results  obtained  by  this  study,  there  is  definitely 
a trade-off  between  the  amount  of  reduction  and  the  bandwidths  of  the 
signals.  It  appears  that  this  technique  is  most  suitable  for  narrow-to- 
medium  band  applications.  A typical  situation  in  which  this  method  would 
be  effective  is  when  the  second-order  frequency  affected  has  a 25  percent 
bandwidth . 

A step-by-step  description  of  the  algorithm  used  in  this  study  is 
presented  in  this  report.  The  computational  strategy  recommended  for 
finding  the  compensating  network  parameters  is  also  given. 

Several  aspects  that  warrant  further  study  are: 
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(1)  The  design  of  the  isolation  parts  (the  lowpass  and  the 


highpass)  of  the  compensating  network.  For  narrow-band  situations^  a 
simple  tank  circuit  or  a blocking  capacitor  will  be  adecjuate.  However, 
for  medium-band  situations  the  design  of  these  network  is  apparently 
a non-trivial  problem.  It  appears  that  this  is  an  area  worthy  of  further 
investigation.  The  solution  of  this  problem  is  not  only  useful  here, 
it  also  has  numerous  general  applications. 

(2)  The  sensitivity  and  techniques  of  tuning  the  compensating 
networks  should  be  studied. 

(3)  It  would  be  highly  desirable  that  the  technique  described 
in  this  report  as  applied  to  a practical  amplifier  be  verified  in  the 
laboratory  by  direct  measurement.  This  experimental  work  will  not  only 
support  the  usefulness  of  this  new  technique,  but  also  give  a good 
indication  of  practical  difficulties  that  might  require  further  study. 
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APPENDIX  A 

DESCRIPTION  OF  SUBROUTINE  CGJR 

This  subroutine  solves  simultaneous  equations,  computes  a determinant, 
or  inverts  a matrix  or  any  combination  of  the  three  above  by  using  Gausa- 
Jordan  elimination  technique  with  column  pivoting. 

Program  Listing 


SUBROUTINt  CGJR(A,NC*NR»Nf MC.JCtV) , 
iRITURNS(Ml) 

DIMENSION  JC(NC) 

COMPLEX  CL0G,Vf XCtA (NR,NC) 

COMPLEX  Z 
IW=V 

. »0  . ) 

iaiT=u 

M=1 

L = N+ {MC-N>  * ( IW/h) 

KD=Z-M00< lW/2,2) 

<I=2-MOO<IW,2l 
GO  ro  (5.E0J ,KI 
5 00  10  I=ltN 

lO  jcci)=i 

20  00  li  1=1, N 

GO  ro  (22,2*) ,<I 

21  M = I 

22  IF  (I.EQ.N)  GO  TO  60 

X = -i. 

00  30  J=I,N 

AN0RM=ABS (R£AL(A(J,I)))+A6S(AIMAG(A(J,I))) 

IF(X.GT.AUORM)  go  to  30 

X=AN0RM 

K=J 

30  CONTINUE 

if(k.uQ.i)  go  ro  60 
iBir=rair^i 
GO  TO  (55, LO)  ,<I 
35  MU=JC(I) 

JC( I)=JC(K> 

JC(<>  =MU 

40  00  50  J=M,l 

XC=A(I,J) 

A(I,J)=A(K,J) 

50  A(K,J)=XC 

6C  AN0RM=A9  3 (REAL  (A  (I,I)n+ABS(AIMAG(A(l,I)>) 
IF(AN0RM,GT. j)  go  to  70 
tf=(0.«0.) 

JC(1) =I-L 
RETURN  Ml 
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I ro  GO  TO  (7^, 7c) ,KO 

n 71  V=V+CLOG<A<X,in 

!|  Z = CtOGCA  (1,1)  ) 

li  72  XC  = A(I,I) 

A(I,I)=(l.,o.) 


00  j=m,l 
Ad,  J)=A(I,J)/XC 
IF(L£GVAf^(A(I,  J)  ) ) 15D,eC,150 
3D  CONTINU£ 

00  9i  <=1,N 
IF(<.£Q.I)  GO  TO  91 
XC=A  (K,I) 

A(K,I)  — tC«,o*) 

OC  90  J=M,L 

A<K,J)=A(<,J)-XC^A(I,J) 

IF(L£GVAR(A(Kt J) ) ) 150,90,150 

90  CONTINUii 

91  CQNT iNUe 

GO  TO  (95,1U0) ,KI 
95  JO  130  J=1,N 

XF( JC(J) *£Q. J)  GO  TO  13C 
JJ= J+1 

JO  lOO  I=JJ,N 
IF( JC(I) .£Q. J)  GO  TO  llO 
luu  CONTINUE 
llj  JC(I)=JC(J) 

00  12Q  <=^,N 

XC=A(K,I) 

A (K, X) =A (K  ,J) 

12D  A(K,J)=XC 
13D  CONTINUE 
X4D  JC(i)=N 

V = (0. ,3.1415926  5) ♦CMFLX (FLOAT (NOO( I3IT,  2 » ) , u .) 

.return 

15U  JC(1) =1-1 

RETURN  Ml 
cNO 


I 
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Progrcim  Description 


A is  the  matrix  whose  inverse  or  determinant  is  to  be 

determined.  If  simultaneous  equations  are  solved,  the 
last  MC  - N columns  of  the  matrix  are  the  constant  vectors 
of  the  equations  to  be  solved.  On  output,  if  the  Inverse 
is  computed,  it  is  stored  in  the  first  N columns  of  A. 

If  simultaneous  equations  are  solved,  the  last  MC  - N 
columns  contain  the  solution  vectors. 

NC  is  the  maximum  number  of  columns  of  the  array  A, 

NR  is  the  maximum  number  of  rows  of  the  array  A. 

N is  the  number  of  rows  of  the  array  A. 

MC  is  the  number  of  columns  of  the  array  A.  This  entry  is  a 

dummy  argument,  if  simultaneous  equations  are  not  to  be 
solved . 

K is  a statement  number  in  the  calling  program  to  which 

control  is  returned  if  an  overflow  is  detected.  It  must 
be  preceded  by  $ in  the  calling  sequence, 

JC  is  a one-dimensional  permutation  array  of  N elements  used 
for  permuting  the  rows  and  columns  of  A if  an  inverse  is 
computed.  If  an  inverse  is  not  computed  this  argument  must 
have  at  least  one  cell  for  the  error  return  identification. 
On  output,  the  first  element  of  the  array  is  N if  control  is 
returned  notTnally.  If  an  overflow  is  detected,  the  first 
element  is  the  negative  of  the  last  correctly  completed  row 
of  the  reduction.  If  matrix  singularity  is  detected,  the 
entry  contains  the  value  of  the  last  row  before  the  singu- 
larity was  detected. 


V on  input  REAL  (V)  is  the  option  indicator,  its  values  are 
set  as  follows: 


OPERATION  1 

1. 

2, 

REAL  (V) 

3.  4. 

5. 

6. 

7. 

Compute  Determinant 

no 

yes 

yes 

no 

no 

yes 

yes 

Invert  Matrix 

yes 

no 

yes 

no 

yes 

no 

yes 

Solve  Equations 

no 

no 

no 

yes 

yes 

yes 

yes 
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of 

Rome  Air  Development  Center 


RADC  plans  and  conducts  research f exploratory  and  advanced 
development  programs  in  command,  control,  and  cotmunications 
(C^)  activities,  and  in  the  areas  of  informatioid  sciences 
and  intelligence.  The  principal  technical  mission  areas 
are  communications,  electromagnetic  guidance  and  control, 
surveillance  of  ground  and  aerospace  objects,  intelligence 
data  collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  microwava 
physics  and  electronic  reiiability/  maintainability  and 
compatibility , 


